The effects on the 4f and 5d levels of Ce 3+ of its first coordination shell geometry in Ce-doped oxides with a D 2 8-fold site, like garnets, are studied with embedded cluster, wave function based ab initio methods. The only deformations of a CeO 8 cube that are found to shift the lowest 4f → 5d transition to the red are the symmetric Ce-O bond compression and the tetragonal symmetric bond bending. These results are analyzed in terms of centroid and ligand field stabilization energy differences. The splittings of the upper 5d levels and of the 4f levels are also discussed.
sites of 4-fold coordination, all of them at fixed positions, with the remaining 96 O atoms in (h) sites, which depend on three x, y and z internal parameters. 6 Optically active Ce
3+
impurities substitute for A atoms at (c) sites, which have the local symmetry of the D 2 point group and a first coordination shell made of 8 oxygen atoms.
The energies of the 4f and 5d levels of Ce 3+ in particular garnets and in other oxides depend on the bonding and electrostatic interactions between Ce and the hosts, and they can be calculated in a one-by-one basis, with reasonable accuracy, by means of ab initio methods, both in D 2 local symmetry like in Ce-doped YAG 8 and in lower local symmetries like in Ce,La-doped YAG 9 and Ce,Ga-doped YAG. 10 These energies are dominated, up to first-order, by the bonding interactions between Ce and its first oxygen coordination shell, subject to the basic confinement embedding effects of the host. Other specific host embedding effects are important at higher orders of approximation and they refine the results.
This paper is aimed at providing a basic study of the energies of the levels of the 4f Table I and represented in Fig. 1 . S 1 represents the breathing (or symmetric bond stretching) of the reference cube and it transforms according to the totally symmetric irreducible representation a 1g ; S 2 represents an asymmetric bond stretching of the crosses a 1 −a 2 −a 3 −a 4 and e 1 −e 3 −e 2 −e 4 and it transforms according to the e g ǫ sub-especies of the doubly degenerate e g irreducible representation; 11 S 3 and S 4 are the e g θ and e g ǫ symmetric and asymmetric bond bendings of the a and e crosses; and S 5 and S 6 are the e u θ and e u ǫ symmetric and asymmetric twistings of the crosses. 
III. RESULTS
The dependence of the 4f → 4f and 4f → 5d transitions on the D 2 distortions of the first coordination shell are shown in between the 5d and 4f energy centroids (or average energies of the five 5d 1 levels and the seven 4f
; the other is the difference between the ligand field stabilization energies of the 5d and 4f lowest levels
The fact that the lowest 4f → 5d transition equals their subtraction, E 1 (5d
been used to analyze the reasons behind red and blue shifts of this transition.
9,10
Let us first focus on the lowest 4f → 5d transition, whose reverse is the luminescence of Ce 3+ in garnets and other oxides. It is clear that only two coordinates have an important impact on it: the breathing mode S 1 , which does not distort the cubic symmetry, and the symmetric bond bending mode S 3 , which gives a e g θ tetragonal distortion of the CeO 8 cube.
Symmetric compression of the Ce-O bonds lowers the 4f → 5d transition. This is almost entirely due to the increase of the 5d ligand field it produces, which lowers the first 5d 1 level with respect to its centroid. This effect is slightly compensated with a small increase due to the centroids: bond compression slightly shifts the 5d centroid upwards with respect to the 4f centroid. The latter observation has been made before 10, 25 and it contradicts the predictions of the usual model for the centroid energy difference, [26] [27] [28] according to which it should be smaller for smaller bond lengths; nevertheless, the model has been useful to rationalize 5d → 4f luminescences. 29 The contribution of the breathing mode S 1 to the lowest 4f → 5d transition represented in This contribution is due in almost equal amounts to the lowering of the centroid energy difference and the increasing of the ligand field. The centroid effect fits 10 S 3 − 2695 S
to the symmetric bending S 3 and to the symmetric twisting S 5 , with a significantly higher contribution from the latter in garnets; however, different splittings in different garnets would be due to S 3 . The splitting of the three upper levels, mostly related with the cubic 2 T 2g , comes basically from the symmetric bending S 3 and the asymmetric stretching S 2 , with a small contribution from the symmetric twisting S 5 and negligible contributions from the asymmetric bending and twisting S 4 and S 6 . The larger S 1 and the absolute values of S 2 and S 3 , the higher probability for the third 5d level to appear below the conduction band of the garnet.
Finally, the 4f levels are shown with more detail in Figs. 4 and 5, without and with spin-orbit coupling respectively. These may be interesting because the 5d → 4f emission is made of the superposition of the seven individual emissions and the full with and shape of the emission band depends, although not only, on the relative positions of the 4f levels.
Since the emission to the highest 4f level has a minor contribution to the full emission band shape, 8 we can have a predictive hint by looking at the six lowest 4f levels. According to Fig. 5 , the width seems to be controlled by S 2 and S 3 , so that the garnets with higher absolute values of these two coordinates would tend to have wider emission bands because of their higher 4f level separation. Of course, the width of each individual 5d → 4f emission will depend on the 5d and 4f equilibrium offsets.
IV. CONCLUSIONS
The levels of the 4f 1 and 5d 1 manifolds of Ce It is found that the lowest 4f → 5d transition shifts significantly to the red only as a consequence of symmetric Ce-O bond compression and tetragonal symmetric bond bending.
The increase of the 5d cubic ligand field dominates the effects of the bond compression, whereas the effect of the tetragonal bond bending distortion is divided in almost equal amounts between an increase of the 5d tetragonal ligand field and a reduction of the energy difference between the 5d and 4f energy centroids.
The splittings of the upper 5d levels and of the 4f levels have also been studied. 
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